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Motivated by the recent observation of superconductivity in strontium doped NdNiO2, we study the super-
conducting instabilities in this system from various vantage points. Starting with first-principles calculations,
we construct two distinct tight-binding models, a simpler single-orbital as well as a three-orbital model, both of
which capture the key low energy degrees of freedom to varying degree of accuracy. We study superconduc-
tivity in both models using the random phase approximation (RPA). We then analyze the problem at stronger
coupling, and study the dominant pairing instability in the associated t-J model limits. In all instances, the
dominant pairing tendency is in the dx2−y2 channel, analogous to the cuprate superconductors.
Introduction – The observation of superconductivity in the
infinite-layer nickelate Nd1−xSrxNiO2 [1] resurrects some of
the perennial questions in the field of unconventional super-
conductivity of the cuprates and related materials [2, 3]. As
nickel substitutes for copper in this system, the low energy
manifold consists primarily of the Ni-O plane. Therefore, we
are invited to revisit whether copper itself is important for the
superconductivity exhibited by the cuprates [4–8]. Further-
more, to date, magnetism has not been observed in the parent
NdNiO2 compound [9, 10]. One may therefore question the
extent to which close proximity to long-range antiferrromag-
netism is an essential ingredient in cuprate superconductivity.
To help address these questions, we have studied super-
conductivity from repulsive interactions in Nd1−xSrxNiO2,
adopting both weak- and strong-coupling approaches. Start-
ing with a first-principles study of NdNiO2, and treating the
effects of strontium doping as a rigid shift to the chemical po-
tential, we have obtained tight-binding fits to the electronic
structure. As Ni is isoelectronic to copper in this material,
it has a d9 configuration and the low energy physics is domi-
nated by electrons in the Ni-dx2−y2 orbital. There is, however,
an additional strong hybridization with the 5d orbitals of the
rare earth Nd element. As a consequence, there is a non-zero
contribution to the low energy physics from the Nd d3z2−r2
and dxy orbitals, which acts to introduce some distinction be-
tween this system and the infinite layer cuprate material.
However, rather than speculating on the commonalities and
differences of the infinite-layer cuprate and nickelate, we have
instead chosen to study superconductivity in the nickelate ma-
terial as a legitimate problem in its own right, one that is in-
dependent from the cuprates. The weak-coupling approach,
while likely unreliable for normal state properties, does tend
to capture the primary property of interest, namely the super-
conducting ground state itself and, in particular, the symme-
try of the superconducting order parameter. We find robust
dx2−y2 superconductivity within the weak-coupling approach.
We have obtained this pairing symmetry in two distinct tight-
binding fits to the first-principles calculation, one which is a
minimal one-orbital model consisting of the Ni dx2−y2 orbital,
and a more realistic 3-orbital model that includes the d3z2−r2 ,
dxy orbitals of the Nd atom.
In reality, however, the system is likely located at interme-
diate coupling; it therefore becomes important to analyze the
problem from complementary limits. With this in mind, we
also analyze the t-J model that results in the limit of strong
onsite interactions, and study superconductivity in this model
within a mean-field approximation. Such methods led to the
conclusion of d-wave pairing in the early days of cuprate
physics [11] and we arrive at a similar conclusion in the
present context. We also show that with the inclusion of the
Nd electron pockets, dx2−y2 pairing stemming from the t-J
model is only weakly affected. While these electron pockets
ultimately lead to metallic, rather than Mott insulating behav-
ior in the parent compound, their impact on superconductivity
appears to be rather weak. The fact that all limits studied here
result in dx2−y2 pairing underlies the robustness of our con-
clusion.
This Letter is organized as follows. At first, we present the
results of the first-principles computations, where we describe
both the minimal single-band and 3-band tight-binding fits to
the electronic structure. We then proceed to show our results
for the pairing symmetry both in a random phase approxi-
mation (RPA) treatment of superconductivity from repulsive
interactions, as well as from the analysis of a t-J model de-
scription. Both complementary studies are carried out in 3D,
corresponding to the infinite-layer limit.
First-principles analysis – We performed first-principles cal-
culations within the framework of the density functional the-
ory as implemented in the Vienna ab initio simulation package
VASP [12–14]. The generalized gradient approximation, as
parametrized by the PBE-GGA functional for the exchange-
correlation potential, was used, by expanding the Kohn-Sham
wave functions into plane waves up to an energy cutoff of 600
eV and sampling the Brillouin zone on an 16×16×16 regular
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2mesh [15]. The growth of NdNiO2 on a SrTiO3 substrate is
simulated by imposing an in-plane lattice constant a = 3.91A˚
and relative relaxed out-of-plane parameter c = 3.37 A˚ [1].
The extraction of the three-orbitals minimal model used to
investigate the superconducting tendencies of NdNiO2 was
based on the Wannier functions formalism [16].
Fig. 2 shows the single-particle band structure of NdNiO2,
along with the orbital contributions relevant for the low-
energy model description. Owing to a d9 electronic config-
uration in a peculiar +1 oxidation state for Ni, the crystal
field imposed by the planar square coordination (Fig. 1) re-
sults in a high-lying nominally half-filled dx2−y2 orbital (red
dots), featuring a predominantly two-dimensional character.
Nonetheless, the delocalized and formally empty Nd 5d states
reside fairly low in energy, leading to a sizable hybridization
with Ni 3d bands, and to the appearance of electron pockets
at the Γ and A = (pi/a, pi/a, pi/c) (see panel Fig. 2(a)) points.
Such pockets mainly display Nd dz2 (yellow squares) and dxy
(blue diamonds) orbital contributions, respectively, and de-
termine a concomitant self-doping of the large hole-like Ni
dx2−y2 Fermi surface.
Having established the contribution of the relevant or-
bitals to the low-energy physics of NdNiO2, we consider a
three-orbital tight-binding (TB) model which includes long
range hopping terms. We introduce the operator ψ†kσ =
[c†1σ(k), c
†
2σ(k), c
†
3σ(k)], where c†ασ(k) is a fermionic creation
operator with σ and α denoting spin and orbital indices, re-
spectively. The orbital index α = 1, 2, 3 represents the Nd
dz2 for 1, the Nd dxy for 2 and the Ni dx2−y2 for 3. The
tight-binding Hamiltonian can be written as
HTB =
∑
kσ
ψ†kσh(k)ψkσ, (1)
where h(k) is given in the appendix, along with the cor-
responding parameters extracted from a downfolding of the
first-principles band structure onto a set of localized Wan-
nier functions. With the above parameters, the obtained band
structure fits are given in the appendix and reach a good agree-
ment between DFT and the effective TB bands. Near the
FIG. 1: (a) View of the crystal structure of NdNiO2. Ni, O and Nd
atoms are represented by grey, red and orange spheres. The planar
coordination in the NiO2 is highlighted by a grey square. (b) The
resulting crystal field is characterized by a topmost dx2−y2 orbital,
which is nominally singly occupied in a d9 electronic configuration.
(c) Crystal field acting on the formally empty Nd d orbitals. In (b)
and (c), the crystal field levels are given in eV, with respect to the Ni
dx2−y2 .
FIG. 2: First-principles band structure (a) and density of states (b) of
NdNiO2 with lattice parameters forced by the commensuration to the
SrTiO3 substrate. The red, yellow and blue symbols emphasize the
relevant orbitals that contribute to the low-energy description. Views
of the Fermi surface of NdNiO2 at (c) pristine filling (n = 1.0)
and (d) upon 0.2 hole doping (n = 0.8). The color scale reports
the momentum dependence of the inverse Fermi velocity (1/vF (k)),
which is a measure of the DOS. The α Fermi surface displays a van
Hove feature evolving from the kz = 0 cut to the kz = pi cut, where
it changes from a hole pocket around the M point in the kz = 0 plane
to an electron pocket around the Z point in the kz = pi plane.
Fermi level, the DOS is dominantly attributed to the Ni dx2−y2
orbital, as shown in Fig. 2 (b). Further considering the rela-
tively weak interaction effects in the 5d orbitals of Nd, the
dominant correlation effects must derive from the 3d dx2−y2
orbital of Ni in NdNiO2. These conclusions are consistent
with previous [7, 8] as well as concurrent [17] first principles
calculations of this system.
The resulting 3D Fermi surfaces are shown in Fig. 2 (c)
and (d) for the fillings n = 1.0 and n = 0.8. For the for-
mer case, there is an almost cylindrical, non-dispersive in
kz , hole-like pocket α, and two small electron-like pockets
β and γ around the Γ and A points, respectively. With 0.2
hole doping, the electron Fermi surfaces shrink. For the hole
pocket, van Hove singularities are reached near the kz = pi
plane, and its density of states increases considerably along
with enhanced nesting, as shown by the red curve in Fig. 2(b).
The three-dimensional character of the obtained Fermiology
is an essential distinguishing aspect from the infinite-layer
cuprates. Within a weak-coupling framework of supercon-
ductivity, such enhancement of the density of states available
3for pairing as obtained for hole doping in the nickelates typi-
cally results in a concomitant increase of the superconducting
temperature. Note that as opposed to the cuprates, this im-
proved nesting occurs away from half filling, such that the on-
set of magnetism is less affected by it than the superconduct-
ing pairing tendency. The largest contribution to the density
of states arises from the large non-kz-dispersive Ni dx2−y2
pocket, suggesting that, to some approximation, it likely plays
a significant role in the superconducting transition.
Weak-coupling Analysis – In order to investigate the pair-
ing symmetry of NdNiO2, we first consider a weak-coupling
limit of the problem. In such an approach, we may view the
first principles analysis as taking into account interaction ef-
fects in determining the low energy Fermi liquid description
of the problem. Then, perturbing about such a Fermi liquid
fixed point using weak, short-ranged residual interactions, we
can analyze the resulting pairing susceptibility of this system.
Such analyses are most rigorously formulated in an asymp-
totically exact weak-coupling approximation [18–20]. In this
limit, assuming spin rotation invariance, the bare short-ranged
repulsive interactions disfavor s-wave pairing but do not af-
fect orthogonal pairing channels, including p-wave, d-wave
etc. In the weak-coupling limit, one can integrate out the high
energy degrees of freedom perturbatively in the ratio of the in-
teractions to the band width. As a result, one obtains effective
attractive BCS interactions in non-s-wave channels, which in
turn grow at low energies in a Fermi liquid. One may identify
an emergent scale, where the dominant BCS coupling grow to
be of order one, with the onset of superconductivity in such a
weak-coupling limit. The associated pair wave function can
also readily be obtained. Similar approaches based on ran-
dom phase approximation (RPA) treatments of interactions,
while less controlled, are more physically motivated, and re-
sult in qualitatively similar conclusions for pairing strengths
in the system. They, along with related approaches, have en-
joyed significant phenomenological success in describing un-
conventional superconductivity [21]. For instance, in both the
weak coupling and RPA treatments of the single band Hub-
bard model, the dominant pairing tendency near half-filling is
in the dx2−y2 channel [22, 23]. A perturbative combined dia-
grammatic inclusion of particle-particle and particle-hole con-
tributions could be reached by the employment of functional
renormalization group [24, 25] in order to further sophisti-
cate the RPA treatment. For the case at hand, however, the
absence of magnetic order combined with the enhanced feasi-
bility in treating three-dimensional band structures render the
RPA approach most preferable at this stage of our weak cou-
pling analysis.
In our RPA calculations, we consider onsite Hubbard intra-
and inter-orbital, Hund’s coupling as well as pairing hopping
interactions,
Hint = UNi
∑
i
ni3↑ni3↓ + UNd
∑
iµ
niµ↑niµ↓
+ U ′Nd
∑
i,µ<ν
niµniν + JNd
∑
i,µ<ν,σσ′
c†iµσc
†
iνσ′ciµσ′ciνσ
+ J ′Nd
∑
i,µ6=ν
c†iµ↑c
†
iµ↓ciν↓ciν↑ (2)
where niα = nα↑ + nα↓, µ, ν = 1, 2, UNi is the Coulomb
repulsion for the Ni site, thus acting on the third orbital in
the notation of Eq. (1). UNd, U ′Nd, JNd and J
′
Nd represent the
onsite intra- and inter-orbital repulsion and the onsite Hund’s
coupling and pair-hopping terms for the Nd site, respectively
[38]. We use the Kanamori relations UNd = U ′Nd + 2JNd and
JNd = J
′
Nd.
Fig. 3 displays the bare susceptibilities for n = 1.0 and
n = 0.8 filling, respectively. In both cases, similar to cuprates,
the dominant peaks are located around the M and A points, in-
dicating intrinsic antiferromagnetic fluctuations. These peaks
get significantly enhanced upon including interactions at the
RPA level. The prominent features in the orbital-resolved sus-
ceptibility are that the peaks around M and A are dominantly
attributed to the Ni dx2−y2 orbital while the contribution of
Nd dxy and dz2 reaches its maximum around Γ. Based on the
analysis of the susceptibility, the dx2−y2 band will play the
dominant role in promoting correlation phenomena, including
superconductivity and, if applicable at commensurate filling,
magnetic ordering.
When the interaction is greater than a critical value Uc,
the spin susceptibility will diverge and indicate a spin den-
sity wave (SDW) instability. Below Uc, superconductivity
emerges triggered by spin fluctuations. We perform RPA cal-
culations to study the possible pairing symmetries within a
40× 40× 20 k mesh, energy window ∆E = 0.02 eV around
the Fermi level and inverse temperature β = 50 eV−1, and
have checked the convergence of pairing strength with respect
to the k mesh and ∆E. With the above parameters, the num-
bers of the representative momentum points on the Fermi sur-
face are 1038 and 1088 for n = 1.0 and n = 0.8, respectively.
From the susceptibility, we can expect the dominant pairing
state to be dx2−y2 -wave (more details are provided in the ap-
pendix). The obtained pairing eigenvalues as a function of
interaction U for n = 1.0 and n = 0.8 are also displayed in
Fig. 3. We find that dx2−y2 pairing state is dominant, and that
the gap functions are considerably smaller on the two small
spherical Fermi surfaces. This is consistent with the fact that
both the dominant density of states and pairing interactions
reside on the Ni dx2−y2 orbital.
Pairing in the t-J model – Similar to cuprates, the nickelates
represent an intermediately coupled system, and it becomes
important to “triangulate” the pairing problem from various
limits to see if our conclusions are indeed robust. We adopt
the t-J model to investigate pairing symmetries for nickelates
and consider the in-plane and out-of-plane antiferromagnetic
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FIG. 3: Bare susceptibility (left panel) and pairing eigenvalues as a
function of the interaction UNi (right panel) for electron filling (a)
n = 1.0 and (b) n = 0.8, respectively. Here we adopt UNi = UNd
and JNd/UNd = 0.15.
couplings between the spin of Ni dx2−y2 orbital,
HJ =
∑
〈ij〉
Jij(Si3Sj3 − 1
4
ni3nj3) (3)
where Si3 = 12c
†
i3σσσσ′ci3σ′ is the local spin operator and
ni3 is the local density operator for Ni dx2−y2 orbital. 〈ij〉
denotes the in-plane and out-of-plane nearest neighbor (NN).
The in-plane coupling is Jx = Jy = J1 and the out-of-plane
coupling is J2. We investigate the pairing state for a variety
of doping levels and neglect the no-double-occupancy con-
straint on this t-J model, perform a mean-field decoupling,
and solve the self-consistent gap equations. The details are
provided in the appendix. We find that dx2−y2 pairing is al-
ways the dominant order within extended parameter ranges
of J1 and J2. Fig.4(a) shows the superconducting gap of the
dx2−y2 pairing as a function of doping with J1 = J2 = 0.1
eV. We find that there is a superconducting dome and the gap
reaches the maximum upon 0.1 hole doping. Electron doping,
by reducing the contribution of the Ni dx2−y2 orbital, will sig-
nificantly suppress superconductivity.Instead, beyond optimal
doping, further hole doping will only slightly suppress the su-
perconducting gap, implying to expect an expected Tc dome
feature on the hole doped side. The 3D gap function of the ob-
tained dx2−y2 -wave pairing is displayed in Fig.4(b) at 0.2 hole
doping, where the gaps on the spherical Fermi surfaces from
Nd atoms almost vanish. Our findings from strong coupling
are consistent with our weak-coupling analysis.
Discussion – We have studied the infinite-layer nickelate
NdNiO2 and have found that the dominant pairing instabil-
ity is in the dx2−y2 channel, which places this system in close
analogy with cuprate superconductors. As a consequence of
the pairing symmetry, we expect nodes on the Fermi surface,
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FIG. 4: (a) The dx2−y2 -wave gap as a function doping with
J1 = J2 = 0.1 eV. Postive (negative) values relate to electron (hole)
doping. (b) Superconducting gap for dx2−y2 -wave pairing. In the
calculations, a k mesh of 100× 100× 50 has been adopted.
the evidence for which can be found in low temperature heat
capacity [26], penetration depth [27] measurements, quasipar-
ticle interference studies [28], and more directly, from phase-
sensitive studies [29, 30].
In the future, it will be interesting to study the role of the
Nd itinerant electrons in conjunction with the local moments
of the Ni sites. It is thus tempting to invoke the analogy with
heavy fermion systems, and to view the physics of the infinite
layer nickelate from the vantage point of the Kondo lattice. In
this context, it is reasonable to presume that the effect of stron-
tium doping involves more complex phenomena than a simple
rigid shift of the Fermi level. Furthermore, even though an
electronically mediated pairing mechanism may appear likely
judging from the current experimental evidence, the impact of
electron-phonon coupling will be vital to gaining a deeper un-
derstanding of the material. We wish to pursue such questions
in future studies.
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tx11 = −0.3870, txy11 = 0, txx11 = 0.034, tz11 = −0.8591, txz11 = 0.0107, txyz11 = 0.025, tzz11 = 0.0904, (11)
tx22 = 0.3202, t
xy
22 = −0.0467, txx11 = 0.0367, tz11 = 0.3216, txz22 = −0.1438, txyz22 = 0.0496, tzz22 = −0.0327,
txxz22 = −0.0209, txxy22 = −0.0198, txxyz22 = 0.0164, txxx22 = 0.012 (12)
txy12 = 0.0798, t
xyz
12 = −0.0669, txyzz = 0.0094, (13)
tx33 = −0.3761, txy33 = 0.0844, txx33 = −0.0414, txyy33 = −0.0043, txxyy33 = 0.003, tz33 = −0.0368, txz33 = −0.0019,
txyz33 = 0.0117, t
zz
33 = 0.008, (14)
txxy13 = 0.0219, t
xxy
23 = −0.0139. (15)
With µ = 6.5814 eV, the occupation number is 1.0. With 0.2 hole doping, the corresponding chemical potential is µ = 6.4614
eV. The band structures from the tight-binding model with the above parameters are displayed in Fig.6, which are in good
agreement with DFT calculations.
weak-coupling limit: RPA approach
The adopted interactions are given in the main text. The bare susceptibility is define as,
χ0l1l2l3l4(q, τ) =
1
N
∑
kk′
〈Tτ c†l3σ(k + q, τ)cl4σ(k, τ)c
†
l2σ
(k′ − q, 0)cl1σ(k′, 0)〉0. (16)
where li is the orbital indices. The bare susceptibility in momentum-frequency is,
χ0l1l2l3l4(q, iωn)=−
1
N
∑
kµν
al4µ (k)a
l2∗
µ (k)a
l1
ν (k + q)a
l3∗
ν (k + q)
nF (Eµ(k))− nF (Eν(k + q))
iωn + Eµ(k)− Eν(k + q) . (17)
where µ/ν is the band index, nF () is the Fermi distribution function, aliµ (k) is the li-th component of the eigenvector for band µ
resulting from the diagonalization of the tight-binding HamiltonianHTB and Eµ(k) is the eigenvalue of band µ. The interacting
spin susceptibility and charge susceptibility in RPA level are given by,
χRPA1 (q) = [1− χ0(q)Us(q)]−1χ0(q), (18)
χRPA0 (q) = [1 + χ0(q)U
c(q)]−1χ0(q), (19)
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FIG. 5: (a) First-principles band structure of NdNiO2 with lattice parameters forced by the commensuration to the SrTiO3 substrate. The
lateral bars qualitatively identify the range of energy extension of the relative atomic contributions. A sizable hybridization between Ni 3d
and Nd 5d states is expected close the Fermi level. The red, yellow and blue symbols emphasize the relevant orbitals that contribute to the
low-energy description. (b-c) Enlarged views of the band structure around the Fermi level at (b) kz = 0 and (c) kz = pi/c, respectively
where Us, U c are the interaction matrices are,
Usαl1,αl2,αl3,αl4(q) =

Uα l1 = l2 = l3 = l4,
U ′α l1 = l3 6= l2 = l4,
Jα l1 = l2 6= l3 = l4,
J ′α l1 = l4 6= l2 = l3,
(20)
U cαl1,αl2;αl3,αl4(q) =

Uα l1 = l2 = l3 = l4,
−U ′α + 2Jα l1 = l3 6= l2 = l4,
2U ′α − Jα l1 = l2 6= l3 = l4,
J ′α l1 = l4 6= l2 = l3,
(21)
Here α is the sublattice index. For Nd site with α = A, the interactions parameters are: UA = U , U ′A = U
′, JA = J and
J ′A = J
′. For Ni site with α = B, the only non-vanishing interaction parameter is UB = U3. We plot the susceptibility in the
main text, which is defined as χ0/RPA = 12
∑
l1,l2
χ
0/RPA
l1l1;l2l2
(q, 0). We also calculate the largest eigenvalues of the susceptibility
matrix in momentum space (not shown), which is very similar to χ0. The effective interaction obtained in the RPA approximation
is,
Veff =
∑
ij,kk′
Γij(k,k′)c†ik↑c
†
i−k↓cj−k′↓cjk′↑ (22)
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FIG. 6: Band structures from DFT (blue lines) and tight-binding model (red lines).
where the momenta k and k′ are restricted to different FS Ci with k ∈ Ci and k′ ∈ Cj and Γij(k,k′) is the pairing scattering
vertex in the singlet channel[32]. The pairing vertex is,
Γij(k,k′) =
∑
l1l2l3l4
al2,∗vi (k)a
l3,∗
vi (−k)Re[Γl1l2l3l4(k,k′, ω = 0)]al1vj (k′)al4vj (−k′), (23)
where alv(orbital index l and band index v) is the component of the eigenvectors from the diagonalization of the tight bind-
ing Hamiltonian. The orbital vertex function Γl1l2l3l4 for the singlet channel and triplet channel in the fluctuation exchange
formulation[32–36] are given by,
ΓSl1l2l3l4(k,k
′, ω) = [
3
2
U¯sχRPA1 (k− k′, ω)U¯s +
1
2
U¯s − 1
2
U¯ cχRPA0 (k− k′, ω)U¯ c +
1
2
U¯ c]l1l2l3l4 , (24)
ΓTl1l2l3l4(k,k
′, ω) = [−1
2
U¯sχRPA1 (k− k′, ω)U¯s +
1
2
U¯s − 1
2
U¯ cχRPA0 (k− k′, ω)U¯ c +
1
2
U¯ c]l1l2l3l4 , (25)
where U¯s/c = Us/c(k − k′). The χRPA0 describes the charge fluctuation contribution and the χRPA1 the spin fluctuation
contribution. For a given gap function ∆(k), the pairing strength functional is,
λ[∆(k)] = −
∑
ij
∮
Ci
dk‖
vF (k)
∮
Cj
dk′‖
vF (k′)∆(k)Γij(k,k
′)∆(k′)
VG
∑
i
∮
Ci
dk‖
vF (k) [∆(k)]
2
, (26)
where vF (k) = |OkEi(k)| is the Fermi velocity on a given fermi surface sheet Ci and VG is the volume of the Brillouin zone.
From the stationary condition we find the following eigenvalue problem,
−
∑
j
∮
Cj
dk′‖
VGvF (k′)
Γij(k,k′)∆α(k′) = λα∆α(k), (27)
where the interaction Γij is the symmetric (antisymmetric) part of the full interaction in singlet (triplet) channel. The leading
eigenfunction ∆α(k) and eigenvalue λα are obtained from the above equation. In the calculation, we treat those k points, whose
energies lie within a small energy window ∆E around the Fermi level, as effective k points in the paring vertex function. We
have checked the convergence of λ with respect to k-mesh and ∆E ( with denser 50× 50× 30 k mesh and ∆E = 0.01 eV).
9pairing from the t-J model
In the strong-coupling limit, similar to cuprate, we consider the inplane and outplane antiferromagnetic couplings between
the spin of Ni dx2−y2 orbital,
HJ =
∑
〈ij〉
Jij(Si3Sj3 − 1
4
ni3nj3) (28)
where Si3 = 12c
†
i3σσσσ′ci3σ′ is the local spin operator and ni3is the local density operator for Ni dx2−y2 orbital. 〈ij〉 denotes
the inplane and outplane nearest neighbor(NN). The inplane coupling is Jx = Jy = J1 and the outplane coupling is Jz . By
performing the Fourier transformation, HJ in momentum space reads
HJ =
∑
k,k′
Vk,k′c
†
k3↑c
†
−k3↓c−k′3↓ck′3↑, (29)
with Vk,k′ = − 2J1N
∑
±(coskx ± cosky)(cosk′x ± cosk′y) − 2J2N coskzcosk′z . Here we investigate the pairing state for doped
system and neglect the no-double-occupance constraint on this t− J model and perform a mean-field decoupling, similar to the
iron based superconductors[37]. With this, the total Hamiltonian can be written as,
HMF =
∑
k
Ψ†kA(k)Ψk +
N
2J1
∑
ν=s,d
|∆ν |2 + N
2J2
|∆z|2, (30)
A(k) =
(
h(k) ∆↑↓(k)
∆†↑↓(k) −h∗(−k)
)
,
∆↑↓(k) =
 0 0
∆3(k)
 , (31)
where Ψ†k = (ψ
†
k↑, ψ
T
−k↓), ∆3(k) = ∆s(coskx + cosky) + ∆d(coskx + cosky) + ∆zcoskz , and
∆s/d = −2J1
N
∑
k′
dk′↑(cosk′x ± cosk′y), (32)
∆z = −2J2
N
∑
k′
dk′↑cosk′z, (33)
with dk′↑ = 〈c−k′3↓ck′3↑〉. A(k) can be diagonalized by an unitary transformation Uk with and the Bogoliubov quasiparticle
eigenvalues Em+3 = −Em with m = 1, 2, 3. The self-consistent gap equations are
∆s/d = −2J1
N
∑
k,m
(coskx ± cosky)U∗6,m(k)U3,m(k)F [Em(k)]
∆z = −2J2
N
∑
k,m
coskzU
∗
6,m(k)U3,m(k)F [Em(k)] (34)
where F [E] is Fermi-Dirac distribution function, F [E] = 1/(1+eE/kBT ). The above equations can be solved self-consistently,
varying the doping and the value of J1, J2. For n = 1.0 and n = 0.8, the obtained dx2−y2 gap and ground-state energy as a
function of J1 (J1 = J2) are given in Fig.7 (a) and (b). With J1 being larger than 0.05, the dx2−y2superconducting gap and
ground-state energy increases abruptly. With J1 = J2 = 0.1, Fig.4 in the main text shows the superconducting gap a function
of doping. We find that electron doping will significantly suppress superconductivity and the gap reaches the maximum with 0.1
hole doping. Further hole doping will suppress the gap size. The 3D gap function of dx2−y2 -wave pairing is shown in Fig.4 (b)
for n = 0.8, where the gap on the spherical Fermi surfaces almost vanish. These are consistent with the RPA calculations.
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FIG. 7: (a) The gap function of dx2−y2 pairing state as a function of J1 for n = 1.0 and n = 0.8. (b) The ground-state energy relative to the
normal state as a function of J1 for n = 1.0 and n = 0.8. In the calculations, a k mesh of 100× 100× 50 is adopted.
